Acyl-CoA thioesterases (Acots) catalyze the hydrolysis of fatty acyl-CoA to free fatty acid and CoA and thereby regulate lipid metabolism and cellular signaling. We present a comprehensive structural and functional characterization of mouse acyl-CoA thioesterase 7 (Acot7). Whereas prokaryotic homologues possess a single thioesterase domain, mammalian Acot7 contains a pair of domains in tandem. We determined the crystal structures of both the N-and C-terminal domains of the mouse enzyme, and inferred the structure of the full-length enzyme using a combination of chemical cross-linking, mass spectrometry, and molecular modeling. The quaternary arrangement in Acot7 features a trimer of hotdog fold dimers. Both domains of Acot7 are required for activity, but only one of two possible active sites in the dimer is functional. Asn-24 and Asp-213 (from N-and C-domains, respectively) were identified as the catalytic residues through sitedirected mutagenesis. An enzyme with higher activity than wildtype Acot7 was obtained by mutating the residues in the nonfunctional active site. Recombinant Acot7 was shown to have the highest activity toward arachidonoyl-CoA, suggesting a function in eicosanoid metabolism. In line with the proposal, Acot7 was shown to be highly expressed in macrophages and up-regulated by lipopolysaccharide. Overexpression of Acot7 in a macrophage cell line modified the production of prostaglandins D2 and E2. Together, the results link the molecular and cellular functions of Acot7 and identify the enzyme as a candidate drug target in inflammatory disease.
long-chain acyl-CoA substrates with fatty acid chains of [8] [9] [10] [11] [12] [13] [14] [15] [16] carbon atoms (C 8 -C 16 ) (7, 13) . Acot7 contains a pair of fused thioesterase domains that share Ϸ30% sequence identity, with each thioesterase domain predicted to have the hotdog fold structure with an ␣-helix sausage wrapped by a ␤-sheet bun (14) (15) (16) .
Here, we present the crystal structures of the N-and Cterminal thioesterase domains (N-and C-domains) of mouse Acot7, refined at 1.8 and 2.4 Å resolution, respectively. We also present a model of the structure of the full-length enzyme based on distance constraints obtained by mass spectrometric analysis of chemical cross-links (17) . We show that both thioesterase domains are required for activity but that only one of two potential active sites is functional and identify the active site residues through mutagenesis.
The cellular function of Acot7 is not well understood. A gross deficiency of the enzyme in the hippocampus of patients with mesial temporal lobe epilepsy points to a role in the brain (18) . Activation of transcription of the gene by sterol regulatory element-binding protein 2 suggests a function in cholesterol metabolism (19) . To link the structural information with a function, we examined the substrate specificity of recombinant enzyme in detail. Acot7 has high specificity for arachidonoylCoA, an important precursor molecule for proinflammatory eicosanoids. We also show that the Acot7 gene is highly expressed in macrophages and up-regulated by lipopolysaccharide and that overexpression of Acot7 in a macrophage cell line alters the production of prostaglandins D2 and E2. These results suggest a role in eicosanoid synthesis and inflammation and may point to its functions in the brain.
Results and Discussion
Crystal Structure of Acot7 N Domain. We separately crystallized and determined the structures of N-and C-domains of Acot7 at 1.8 and 2.5 Å resolution, respectively [supporting information (SI) Table 1 ]. The N-domain monomer features a five-stranded antiparallel ␤-sheet surrounding an ␣-helix (Fig. 1a) . There is an additional C-terminal ␣-helix that packs on the opposite side of the ␤-sheet. Two N-domain monomers associate into a dimer (hereafter referred to as the protomer) displaying a typical double-hotdog structure (20) . In the crystals, three protomers further associate into a trimer of protomers. This assembly exists in solution, as determined by size-exclusion chromatography and analytical ultracentrifugation (data not shown).
In the hexamer, the ␤-sheets form a semicontinuous antiparallel barrel. Approximately 25% of Acot7 residues are involved in interdomain contacts (SI Fig. 5 ). Six CoA molecules were clearly visible in the electron density, wedged between the two monomers in the protomer (Fig. 2 a and b) . The main interactions with the enzyme include the side chains of Ser-90, His-92, Tyr-152, Lys-156, and Arg-159 from one monomer contacting the phosphates and the 2Ј-hydroxyl of the 3Ј-phosphoadenosine diphosphate moiety of CoA, whereas in the neighboring monomer, Asp-69 contacts the amino group of the adenine, and a hydrophobic pocket formed by Val-29, Ile-34, Phe-70, and surrounding residues binds the ␤-mercapto-ethylamine moiety of CoA. Opposite the CoA-binding site at the domain interface is a large, hydrophobic interdomain tunnel conserved in thioesterases that is likely involved in the fatty-acid chain recognition and release (SI Fig. 6 ).
Within the Protein Data Bank (PDB), three unpublished structures of bacterial thioesterases (PDB ID codes 1VPM, 1YLI, and 1Y7U) have a similar hexameric arrangement to Acot7, suggesting that this may be common within the family ( Fig. 1 c and d) . Other reported oligomeric structures of microbial thioesterases include dimers (20, 21) and different tetrameric arrangements (14, 22, 23) .
Crystal Structure of the Acot7 C-domain. The structure of the C-domain is similar to that of the N-domain (rmsd 1.28 Å for 124 C␣ atoms in the monomer; 1.60 Å for 248 C␣ atoms in the protomer; and 2.26 Å for 744 C␣ atoms in the hexamer; Fig. 1b) .
In contrast to the N-domain, the C-domain is a dimer in solution, as determined by size-exclusion chromatography and analytical ultracentrifugation. The area of interaction (876 and 2,017 A 2 surface area buried at the intra-and interprotomer domain interfaces, respectively) is smaller than in the N-terminal domain (1,333 and 3,777 A 2 , respectively). CoA was not observed in the crystals despite its inclusion in the crystallization solution.
Acot7 Requires Both Thioesterase Domains for Activity. The functional significance of having two thioesterase domains in Acot7 and related enzymes has not been studied. The single thioesterase domain from Bacillus halodurans forms an active enzyme with highest activity for the short-chain acyl-CoA substrates (J.K.F., M.M., and B.K. unpublished work). To evaluate the functional contributions of each thioesterase domain within Acot7, we compared the catalytic activity (against a range of fatty acyl-CoA substrates) of full-length Acot7 and the individual domains. Full-length Acot7 efficiently hydrolyzed medium-to long-chain (C 8 -C 16 ) saturated fatty acyl-CoA substrates, with the maximal activity toward lauroyl-CoA ( Fig. 3 ; SI Table 2 ). The individual domains had no detectable activity, but when both thioesterase domains of Acot7 were combined, the activity was restored to approximately half that of the wild-type enzyme (Fig.  3) . Neither the N-nor C-domain activity of Acot7 could be restored by the thioesterase domain of B. halodurans (SI Fig. 7) . The results indicate that the N-and C-domains of Acot7 can associate cooperatively to form an active enzyme, whereas homomeric complexes of the N-and C-domains are inactive.
Structure Determination of Full-Length Acot7 by Using Chemical
Cross-Linking-Derived Distance Constraints. It has not yet been possible to crystallize full-length Acot7. To gain structural insights into the nature of the cooperation between the N-and C-domains required for catalysis, we performed chemical crosslinking (using two lysine-specific bifunctional cross-linking reagents), followed by MS to identify six interdomain cross-links within Acot7 (SI Table 3 ). Based on the distance constraints imposed by the length of the cross-linker, we derived a model of Acot7 through docking and molecular modeling (17) . The model features the association of the N-and C-domains within a protomer (Fig. 1e) . The predicted N-C-domain interface (1,787 A 2 ) is considerably larger than either of the homodimeric N-N or C-C interfaces, and features more interdomain hydrogen bonds (22, 12, and 9 for N-C, N-N, and C-C interfaces, respectively), suggesting a physical basis for the preference of heterodimeric association. The structure is consistent with the trimeric assembly of Acot7 suggested by analytical ultracentrifugation and size-exclusion chromatography.
Intradomain Interfaces Within Acot7 Form Asymmetric Catalytic Ac-
tive Sites. The trimeric arrangement in Acot7 and the position of CoA molecules in the N-domain suggest that there are three copies each of two distinct potential active sites in Acot7 (Fig. 2c) . Sequence analysis of CoA-proximal residues in mammalian Acot7s (Fig. 2d) suggests that Asn-24 and Asp-213 (forming ''site I'') are conserved, whereas the analogous residues in site II (Glu-39 and Thr-198) are not conserved. To assess the role of these potential active site residues in catalysis, each residue was mutated to Ala, and the mutant recombinant enzymes were isolated and the activity of the mutant residues characterized (structural integrity of each mutant was verified by circular dichroism and size-exclusion chromatography; data not shown). Both the N24A and D213A mutations resulted in a dramatic reduction in catalytic activity ( Fig. 3 and SI Table 4 ). By contrast, the analogous mutations within site II did not affect activity. The most obvious explanation for this finding is that site II is not involved directly in catalysis. We further constructed the double mutant E39D/T198N, in which the key catalytic residues from site I are introduced into site II; this mutant displayed a 4-fold increase in the catalytic activity compared with wild-type Acot7 (Fig. 3) . The results indicate that site I is required for catalysis, whereas site II has a distinct regulatory function. The conversion of site II to an active site not only creates more active sites but relieves an inhibitory activity. Interestingly, the single thioesterase domain of prokaryotic PaaI from Thermus thermophilus that contains identical active sites also uses only half of the active sites through an induced-fit mechanism of negative regulation (23) . ''Half-of-sites'' negative regulation has been described in a number of unrelated enzymes including glyceraldehyde 3-phosphate dehydrogenase (24) , aspartyl transcarbamylase (25) , and pyruvate kinase (26) . Negative regulation may place an upper limit on enzymatic efficiency and allow the cell to more precisely regulate the cellular concentrations of its substrates and products.
Acot7 Cleaves Arachidonoyl-CoA and Is Up-Regulated in Activated
Macrophages. The available literature on the cellular function of Acot7 is limited. Acot7 is also known as brain acyl-CoA hydro- Table 2 .
lase (BACH) because of its high selective expression in the brain (27, 28) . However, microarray profiling (29) and highthroughput analysis of start-site usage by CAGE (30) also demonstrate abundant expression in macrophages and upregulation by lipopolysaccharide (LPS) and colony-stimulating factor 1 (CSF-1; data accessible through www.macrophages. com). Macrophages provide an experimentally accessible system for functional characterization. To verify the expression data, we carried out quantitative RT-PCR, which confirmed both abundant basal expression and induction of mRNA encoding Acot7 in mouse macrophages (Fig. 4a) . These results are supported by an increase in acyl-CoA thioesterase activity for lauroyl-CoA within the lysates of macrophages induced with LPS (Fig. 4b) .
We considered the possibility that Acot7 expression in macrophages could be associated with the production of lipid-based proinflammatory eiconasoids during an inflammatory response. The precursor for these factors is arachidonic acid, a C 20 unsaturated fatty-acid containing four cis double bonds. Purified rat Acot7 from brain cytoplasmic extracts (31) and the mitochondrial Acot2 (32) (33) (34) were shown previously to hydrolyze arachidonoyl-CoA. Although Acot7 does not efficiently cleave C 20 -saturated acyl-CoA, arachidonoyl-CoA was more efficiently cleaved by Acot7 than any of the saturated fatty acyl-CoAs tested, suggesting that it is the preferred, and perhaps the important, physiological substrate (Fig. 4c) .
If Acot7 selectively hydrolyzes arachidonoyl-CoA, overexpression could potentially increase or decrease the release of eicosanoids from activated macrophages. Arachidonoyl-CoA is the precursor of archidonate in the plasma membrane, which is released by phospholipase A2. Acot7 overexpression might deplete the membrane of this eicosanoid precursor. Conversely, Acot7 itself might generate free arachidonic acid from arachidonoyl-CoA, or reduce the pool of arachidonoyl-CoA, which has effector functions in its own right. To test these possibilities, we overexpressed a V5 epitope-tagged Acot7 by transfection of the mouse macrophage cell line, RAW264.7. Immunolocalization indicated a diffuse cytoplasmic location, consistent with its cellular localization in neurons (28) (Fig. 4d) . Acot7 overexpression strongly suppressed the basal production of prostaglandin D2 and E2; the residual production is likely derived from the subpopulation of cells that do not express the enzyme (Fig. 4e) . This outcome favors the view that overexpression of Acot7 restricts the incorporation of arachidonic acid into membrane phospholipids. A role in arachidonate metabolism for Acot7 could explain the expression in brain, where arachidonate metabolism contributes to numerous aspects of neuronal function, neuroinflammation, and neurodegeneration (35) . The structure and function information in our study indicates that both inhibitors (such as short-chain acyl-CoA) and activators (site II agonists) of enzyme activity are possible. Either could have applications in therapy for inflammatory and neurodegenerative diseases.
Materials and Methods
Cloning, Expression, Purification, Protein Characterization, Mutagenesis, Real-Time PCR, Cell Culture, Subcellular Localization, and Prostaglandin Detection. Standard methods were used as described in SI Methods.
Thioesterase Activity Assay. The standard reaction mixture contained the fatty acyl-CoA substrate ranging from 10 to 250 M, 0.1 g of protein sample, and 100 mM sodium phosphate (pH 7.4) in a final volume of 1 ml. The absorbance at 232 nm (13) was monitored immediately after adding the substrate and followed for 3 min at 20-s intervals. The molar absorption coefficient, 232 (4,250 M Ϫ1 cm Ϫ1 ) was used to calculate cleavage of the thioester bond (36) . GraFit was used to plot the data and calculate maximum velocity and Michaelis-Menten constants. 
